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Abstract 
Mouse fibroblasts grown on performed Si-membranes (pore diameter-- 10 /xm have been studied to clarify cell locomotive ability. 
The cell motility was microscopically monitored by a time-lapse video system and, simultaneously, the impedance of the growing cells 
was measured every 5 s. The correlations between observed cell activities and measured impedance events are discussed and classified. 
The method is sensitive and allows discrimination between signals arising from translocation of single cells and those arising from 
filopodia ctivities. Both cell and filopodia motion could be detected. Designs of microdevices fabricated insemiconductor echnology are 
presented. 
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1. Introduction 
Mouse fibroblasts have been studied as a model for cell 
locomotion ability. Their ability to synthesise collagen 
makes them eligible to take part in the process of wound 
healing. If a fibroblast su,;pension is brought into contact 
with an appropriate surface the cells start to grow adher- 
ently and continue to do so until a confluent layer is 
formed. Such layers represent dynamic properties. Single 
cells change their positions by crawling upon the surface 
as time passes [1,2]. Cells retract from their surface posi- 
tions just before division; the resulting daughter cells start 
adhering and spreading again. The motion activity of cells 
at special surfaces can be used as a diagnostic riterion of 
the donor organism [3]. Similarly, there is a correlation 
between the metastatic potency and the motion activity of 
cancer cells when compared with non transformed ones 
[4-6]. Besides visual observation of cell motility, which is 
a difficult and laborious procedure, microelectrodes are 
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also used to characterise c ll motility [7,8]. These methods 
are based on impedance changes caused by the locomotion 
of the cells directly grown at the electrode surfaces. The 
success of such experiments i dependent on the kind of 
contact formed between the 'ventral side' of the studied 
cell and the measuring substrate-electrode surface. Close 
mechanical contact seems to be presumed [8]. To cope 
with those difficulties, the experiments presented here 
were carried out using perforated silicon membranes as 
substrates for cell cultivation. These membranes are toler- 
ated by mouse fibroblasts which spread, divide and grow 
on them. They even grew over pores or microchannels 
processed into the membrane, partially closing or sealing 
them. These latter phenomena could be followed by mi- 
croscopy which correlated with simultaneous impedance 
measurements. 
It is advantageous to use silicon membranes because 
they can be fabricated by the methods of semiconductor 
technology. Thus, number, size and position of microchan- 
nels can be precisely controlled by the etching process. 
This gave us the opportunity to do experiments on a 
defined geometry combined with a low number of cells in 
contrast to classical impedance xperiments which lead to 
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statistical results for a large cell population [6,9]. Cur- 
rently, single (or small number) cell impedance measure- 
ments are carried out by means of microelectrodes [7,10]; 
cell rotation methods [ 11-14], micropipette methods [ 15- 
17] and feedback methods [18,19]. The aim of our work is 
to find out correlations between impedance vents and 
corresponding cell activities. 
We report here on both single pore and multipore (pore 
array) impedance measurements with 3T3 and L929 mouse 
fibroblasts. 
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2. Methods 
2.1. Fabrication of perforated silicon membranes 
The process of membrane fabrication starts with an 
epitaxially grown layer of Si with a phosphorus concentra- 
tion of 1016 atoms/cm 3. Membrane thicknesses of 3 /xm 
and 5 /~m were obtained. Thermal oxide (300 nm thick) 
followed by a LPCVD-Si3N 4 layer (LPCVD: Low Pres- 
sure Chemical Vapour Deposition; 140 nm thick) was 
evaporated onto both sides of the wafer. On the front the 
silicon nitride was removed. Optical lithography was per- 
formed to define the front holes. A second lithographic 
step defined the rear cavities. These cavities were 
anisotropically etched with 30% KOH at 80°C using a 
pn-etch stop technique. A nitride protection layer was 
sputtered onto the rear, then the epitaxial layer was opened 
from the front with 30% KOH at 80°C. Afterwards the 
pore field area of Si-membrane 
Fig. 1. Structure of a silicon chip with microperforated areas. (A) Front 
side with six transparent appearing pore fields. (B) The rear with 
anisotropically etched cavities (2 × 0.5 ram). The resulted Si-membrane at 
the bottom of the cavities is only 3 /.tm thick and contains the pore fields 
shown in (A). 
nitride layer was removed. The resulting structure is shown 
in Fig. 1. There were three types of perforated fields with 
square pores of 5 /xm, 10 /zm and 20 /.,m edge length at 
the upper side of the membrane; and, respectively, 1.25, 
/zm, 6.25 /zm and 16.25 /zm at the lower. The smaller 
pore size at the rear is a result of the anisotropic etching. 
For our experiments we have used only the array with the 
smallest pores. Some of the Si-membranes were processed 
without etching arrays of pores. Into these empty mem- 
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Fig. 2. (A) Components of the impedance measurement chamber. The upper and lower electrolyte reservoir are separated by a Si-membrane in such a way 
that the current can only flow through the pore(s) of the membrane. The Pt-etectrodes have an area of about 15 mm 2 each. The lower electrode chamber 
was filled with DMEM and the upper one with the fibroblast suspension i  DMEM. (B) Diagram of the chamber. The Si-chip is fixed with epoxy resin to a 
microscope slide which has a 1 mm hole. The slide is held between the upper and lower parts of the chamber by neoprene O-rings. Thus we prevent 
streaming up of the upper window by its full contact with culture medium. Temperature control is possible by heating wires (not shown) covering the top 
and the bottom of the chamber and a thermistor (not shown) in the bottom. The chamber was thermostated at 37°C. During the experiments pressure 
differences across the Si-membrane were compensated byconnecting the input channels with a 6 cm long empty Si-tube. The optical windows permit us to 
observe the cells (and the pores of the membrane) during the experimental run by reflected or transmitted light microscopy. The chamber was constructed 
such that the distance between the Si-membrane and the upper edge of the chamber was 9 mm and a long distance objective could be used (20 × 
magnification, working distance 17 mm). 
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Fig. 3. Impedance measurement system. The signal of the generator G 
(PC controlled HP 33120A-generator; R I is the 50 12 terminator) is 
transferred via the voltage divider constituted by R 2 and Z x to the 
impedance transformer (electrometer amplifier EMM 10 TO; EMM, 
Berlin, Germany) and from there to the voltmeter (PC interfaced HP 
3245A). The input impedance of the measurement channel (Z t) is deter- 
mined by the input resistance of the amplifier (R -  = l T12), its input 
capacitance (C ~- 4 pF) and the cable capacitance. 
branes we have cut three pores by using an excimer laser 
(Exitech EX-PS-759; Long Hanbourough, Oxford; UK). 
2.2. Origin and maintenance o f  cell lines 
Cell cultivation was performed as described in [20]: 
Swiss mouse embryo fibroblasts (NIH 3T3) were obtained 
from 'Deutsche Sammlung von Mikroorganismen und Zel- 
lkulturen' (DSM, Braunschweig, Germany). Mouse fibrob- 
last cell line L929 was a generous gift of  Prof. Dr. U. 
Z immermann (University Wiirzburg, Germany). The L929 
cell line was cultured in RPMI  1640 Medium (GIBCO)  
containing 10% foetal calf  serum (FCS), and the 3T3 cell 
line in Dulbecco's  modif ied Eagle 's  medium (DMEM,  
Seromed/B iochrom)  at 37°C in a humid incubator. Both 
culture media contained 2.5 mM glutamine and were 
buffered with 25 mM Hepes. The confluent cells were 
Fig. 4. Microscopic reflected light pictures of different phases of adherently grown L929 cells. Just after sedimentation cells keep their spherical shape (A) 
within the next 20-40 min cells start spreading and take on a flat pancake-like structure with irregular periphery (B); after another 3 to 4 h first 
proliferations indicate the beginning of the growth phase (C); finally; after about 23 h a confluent cell layer has been formed (D). The distance between 
two pores is 60/.tm, the position of the pores is best visible in (B) as three black circles. The real diameter of the pores is about 10 /xm which is smaller 
than the apparent diameter seen on the micrographs: Due to the laser procedure of drilling the holes, the pores are surrounded by a black background of 
larger diameters. 
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splitted twice a week using 0.05/0.02% trypsin/EDTA at 
37°C for 2-3 min. In order to remove the enzyme, the 
cells were washed twice with culture medium. Harvested 
cells were counted in a THOMA counting chamber and 
resuspended into fresh medium to give l04 cells/ml. 
for 5 min at 30 mA (SCDE 050, Balzers Union Company, 
Liechtenstein). The specimens were examined at an accel- 
erating voltage of 15-20 kV using a Leica S 360 scanning 
electron microscope. Images were recorded on Polaroid 
4 × 5 instant sheet film, Type 53. 
2.3. Impedance measurement during cell growth 
The impedance measurements were done with a cham- 
ber shown in Fig. 2. 
Experiments were made with cells cultivated for one 
day in subculture. Cells freshly harvested from it were 
diluted with DMEM to about 10 4 to  10 5 cells/ml. 1.5 ml 
of this suspension were introduced into the upper electrode 
chamber that was sterilised for 30 min in 70% (v /v)  
ethanol. Care was taken to avoid gas bubbles. After filling 
the lower, sterilised chamber with DMEM, the measure- 
ment chamber was sealed by a cover with enclosed optical 
window. Cell growth was viewed by a reflected light 
microscope quipped with a time-lapse video system. Si- 
multaneously, the impedance was recorded by the system 
shown in Fig. 3. 
The centre of our measurement system is a Hewlett 
Packard 3458A voltmeter equipped with a high-resistance 
impedance transformer. This makes it possible to measure 
the impedance via a high-resistance voltage divider (R 2 = 1 
MO)  resulting in a low current load of the cells. The 
initial generator voltage was selected by PC control as to 
realise a peak to peak voltage drop across the measuring 
chamber not exceeding 25 mV. Every 10 min a complete 
impedance spectrum between 1 kHz and 100 kHz was 
measured. Additionally every 5 s the impedance at 1 kHz 
was determined. Simultaneously the cells were monitored 
microscopically. 
2.4. Scanning electron microscopy (SEM) 
Cells adherently grown on silicon were washed three 
times with warmed PBS and fixed with 2.5% (v/v)  glu- 
taraldehyde in PBS at 4°C for 30 min. Glutaraldehyde was 
diluted from a 25% stock solution immediately before 
fixation. The specimens were then well rinsed with PBS, 
postfixed with OsO 4 (2%, w/v )  in PBS for 10 min at 
room temperature and further washed with PBS (once) and 
double distilled water (twice). The specimens were im- 
mersed in 30 % (v /v)  ethanol, transferred through a 
concentration series of ethanol (40, 50, 60, 70, 80, 90, 
96%) and finally brought into absolute thanol or acetone. 
The organic solvent has been removed by critical point 
drying with CO 2 (CPD 030, Balzers Union Company, 
Liechtenstein). 
The dried specimens were mounted onto an aluminium 
holder covered with conducting adhesive tape. To increase 
the conductivity a 'bridge' of conducting carbon was 
deposited between the chip and the holder. Finally the 
surface of the specimen was sputter coated with platinum 
2.5. Cyanine staining of fibroblasts 
Cells cultured on coverslips were washed three times 
with warmed PBS. They were fixed in cold methanol for 7 
min at -20°C and then again washed three times with 
PBS, 5 min per wash. To block non-specific staining, 
cultures were incubated in PBS containing 1% (v/v)  foetal 
calf serum (FCS) and 0.1% (w/v)  bovine serum albumin 
(BSA). PBS was removed and 100/zl of anti-actin (Boeh- 
ringer Mannheim, Germany) were gently dispensed onto 
the surface of the cells. The antibody (10 /xg/ml) had 
been diluted from a stock solution with PBS containing 
FCS and BSA as above. The cells were incubated in a 
humid chamber for 1 h. Afterwards, they were washed 
three times with PBS (5 min per wash) and incubated 
under the same conditions with a secondary antibody 
(Anti-Mouse IgG, Jackson Immuno Research Laboratories, 
West Grove, PA, USA) conjugated with Cy3 TM (cyanine 
3.18) diluted 1:60 in PBS with FCS and BSA. The non 
binding antibodies were washed out three times with PBS. 
The labelled cells were mounted in a mixture of 90% 
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Fig. 5. Voltage drop across a perforated Si-membrane as a function of the 
generator frequency. The process of growth changes the pore area 
covered by cells and hence the measured voltage. The curves are mea- 
sured with L929 cells and correspond to times 0, 15 and 180 min of Fig. 
6A. The observation that the impedance at t = 15 min is larger than that 
at t = 180 min is caused by the random cell motion and reflects a chance 
pore covering at t = 15 min. This is due to the statistic haracter of cell 
motion. The curves are fitted according to Eqs. (2a) and (3). The curve at 
time t = 0 was taken before the cells were brought into the chamber and 
for the curve at t-= 15 min the pore resistance is maximal (see Fig. 14). 
From data fits we obtained: resistance of the empty pores is 47 k J2; 
resistance of the pores at t=  15 min is 150 k12, and 114 k,O after 180 
min. 
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glycerol and 10% PBS and examined under a Leica Confo- 
cal Laser Scanning Microscope (Leica Lasertechnik GmbH, 
Heidelberg, Germany) with 568 nm excitation. 
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Fig. 6. Voltage course U over 3 /~m thick Si-membranes a a function of 
the growth duration t. (A) Voltage drop measured with L929 cells 
growing on a Si-membrane with 3 pores (d -  10 /xm). The generator 
voltage was set to 622 mV and its frequency to 1 kHz. The maximum 
occurring at t ~- 15 min is about 80 mV and the related impedance Z~ 
about 130 k,O (approximated according to Eq. (2c)). As compared with 
the 'true' value (150 k,O; see Fig. 5) this justifies the approximations 
leading to Eq. (2c). (B) Voltage drop measured with 3T3 cells (3 pores 
membrane, dE  10 /xm). The generator voltage was 298 mV and its 
frequency 1 kHz. The maximum voltage corresponds to Z x = 170 k l2. 
(C) Voltage drop measured with 3T3 cells and membranes with 400 pores 
of 5 #xm edge length. The generator was set to 373 mV and its frequency 
to 1 kHz. In this case the maximum Z x is about 70 k.O. 
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Fig. 7. Magnified section of the curve in Fig. 6B. At low cell density the 
cells walk independently of each other over the pores. This results in 
rectangular voltage peaks. 
3. Results and discussion 
Trypsinised cells (3T3 or L929) in suspension were 
permitted to sediment on the Si-membrane. The stages of 
growth are shown in Fig. 4. 
Because the spreading and locomotive phenomena are 
essential parts of the growth and proliferation processes, 
cells randomly coat or even close the membrane micro- 
channels. This can be followed by a simultaneous 
impedance measurement. 
Fig. 5 shows voltage-frequency urves measured at 
different times. To derive the impedance values an equiva- 
lent circuit of the measuring set-up is needed. It has to 
comprise the electrodes, the bulk medium and the cell- 
coated membrane. For such an arrangement [9], a detailed 
model has been proposed including both system calibration 
and data fitting. The procedure described is rather sophisti- 
cated but can be performed straightforwardly. Our aim, 
[Rp=f(cell density)] 
R 
P 
= 
1/2 R bulk 
Fig. 8. Electrical model of a cell coated pore. It is assumed that the 
presence of a cell increases the resistance of a pore simply by covering 
part of the open pore area. The estimations show that the resistance of a 
pore should be higher by orders of magnitude if the cells could seal the 
pore completely. We conclude that the current is controlled by leaks 
between the cell and the pore. The resulting resistance, denoted by Rp, is 
parallel to the impedance of the Si-membrane (Zsi =- i / (27r fCs i ) ;  i
= V~-'I-). Neglecting the capacitance of the cell membrane and the 
polarisation of the relatively large electrodes we get for the total 
impedance of the measuring chamber: Z,x = RpZs i / (Rp  + Zs i )+ Rbulk; 
were Rbulk is the resistance of the bulk medium. 
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however,  is not to est imate the impedance on an absolute 
level, but to character ise lectr ical ly the f ibroblast moti l i ty 
at the membrane surface. Normal ly  this informat ion is 
obtained f rom microscopic  observat ions only. To reduce 
the large set of  image data in [4], a Four ier  analysis of the 
cell moti l i ty has been proposed. Nevertheless,  even in this 
case the analysis has to be carr ied out partial ly manual ly  
and the data set is not reduced drastically. Therefore we 
have been detect ing the cell moti l i ty by measur ing the 
impedance changes caused by the interaction of  a cell with 
a membrane pore. Partial ly b locking of  a pore by a cell 
should result in an elevated impedance level as compared 
with the open case. We wished to simpli fy the impedance 
est imat ion as far as possible. According to Fig. 3, the 
Fig. 9. (A) Scanning electron micrograph of L929 cells. The cells were grown on arrays of 20 x 20 pores of 5 /zm edge length (see the arrow). It can be 
seen that there exits gaps of finite thickness (and conductivity) between cell-cell and cell-surface boundaries. Note, in vivo one observes permanent shape 
changes of the cells (e.g., pulsative motions) causing fluctuations of the gap width between the intercellular contacts and the contacts between the cells and 
the substrate surface as well as the measured voltage. (B) Pattern of 3T3-cell adhesion as visualised by total internal reflection microscopy (the shown area 
is 46 /xm × 50 /xm). This method was introduced into cell biology by Axelrod [21] and adapted for volume markers by Gingell et al. [22]. It uses the 
excitation of fluorescence markers by evanescent waves occurring when light under an angle greater than the glancing angle strikes the interface between 
two phases which, in our case, is identical to the interface between the microscope slide surface and the cells adherently grown on it. The evanescent wave 
propagating into the adherent cell phase has a penetration depth of about 100 nm, thus, exciting only molecules inside this layer. Non fluorescent dark 
regions indicate a depletion of the fluorescent molecules by an intimate cell/substrate contact. Actually, only about 50% of the cell surface has direct 
contact to the substrate surface. Due to the fluctuating cellular motions, these contact regions in the microscopic picture show a kind of flickering. We have 
applied fluorescein as volume marker since this substance does not penetrate he cell membrane and can easily be excited by the blue line of an Ar-ion 
laser. (C) Differential-interference-contrast micrograph of the cell shown in (B). 
R. Hagedorn et al. / Bioehimica et Biophysica Acta 1269 (I995) 221-232 227 
impedances of the measuring chamber (2~ x) and the mea- 
suring channel Zt constitute the parallel resistance 2~p = 
L2,1(L + 2,,) which, together with^R 2 forms a voltage 
divider across the generator voltage Ug: 
0/0= - + 20) (1) 
where /) is the measured voltage, /]'g is the voltage sup- 
plied by the generator and R e is the resistor of the voltage 
divider. The quantities denoted by the carets (/)g, U and 
2~p) are complex. Our experimental set-up determines the 
modulus only. Neglecting the ohmic part of the input 
impedance of the impedance transformer (Z  t --- 
- i / (21r fCt) ;  i=  f-L--l) we obtain by calculating the 
modulus of Eq. (1): 
z~ 
U = ~(27rfCtR2Z~)2 + (Re +Z~) 2 Ug (2a) 
This  equat ion  relates real quant i t ies.  I f  
(2,n' fCtRzZx)/(R z + Z x) << 1 Eq. (2a) can be simplified: 
The measuring channel capacity C t (including the cables) 
was determined by calibration against an ohmic resistor 
(Z x = 100 kg2) as 14 pF. This is a large value compared 
to the capacity of the impedance transformer (C ---- 4 pF). It 
is achieved by a careful shielding of the measuring cham- 
ber. With f<  1 kHz it follows (27rfCtR2Zj,) /(R 2 + Z x) 
< 0.1 and: 
Z x 
U-= - -  U u for f<  lkHz (2b) 
R 2 +Z x 
At the selected frequency of our growth experiments 
( f  = 1 kHz), the approximation (Eq. (2b)) leads to an error 
below 0.2%. To simplify further we chose R 2 such that 
R 2 >> Zx; hence: 
Z X 
V-~ 2 'R-Ue fo r f< lkHzand lZx l<<R 2 (2c) 
Because in some experiments Zx/R  2 was about 0.15 
this last transformation is critical, it shows, however, that 
in a first approximation the measured voltage changes can 
be interpreted as alterations of the modulus of Z x. 
In Fig. 6 are shown the results of long term experiments 
with adherently grown 3'1"3 and L929 cells at Si-mem- 
branes with either 3 or 400 pores. 
According to Fig. 6, the measured voltage drop U over 
the Si-membranes generally increases with time. This indi- 
cates a membrane resistance increase as an increasing 
number of cells cover pores (see Fig. 4). On this general 
tendency are superimposed fluctuations which are caused 
by temporal alterations of the pore resistance. They are 
discussed later in detail. Compared with the 3 pore case 
(Fig. 6A and B), the fluctuations are smaller when large 
arrays of pores are used (Fig. 6C): As each of the 400 
single pores contributes only to a small extent to the total 
signal, the information about single cells is lost. However, 
the usage of multipore arrays has the advantage that its 
resistance can be kept far lower as that of single pores. As 
demonstrated on a macroscopic scale with erythrocytes 
and nucleopore filters [9], a low carrier resistance is an 
essential prerequisite for sensitive impedance determina- 
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Fig. 10. (A) Magnified section of the curve in 6A. The voltage drop 
around t= 578 rain represents the penetration f a cell through apore. 
The corresponding video sequence is shown in Fig. 11. (B) Further 
magnified section of the curve in Fig. 6A. To show the voltage fluctua- 
tions preceding a walk through a pore, the period just before the 
penetration set is further magnified. Incomparison to (C) these fluctua- 
tions represent the normal action of a live cell. (C) Voltage scan resulting 
after addition of 5% (v/v) formaline. The normal cell activity as shown 
in (B) is lost and a smooth curve results. The remaining slight rise of the 
signal may be caused by progressive 'poisoning' of the electrode sur- 
faces. 
228 R. Hagedorn et al. / Biochimica et Biophysica Acta 1269 (1995) 221-232 
tions. Such pore arrays, integrated into sensor-chips, can 
open up the possibility of detecting the impedance charac- 
teristics of adherently grown cell layers. 
We now compare and classify microscopically observed 
cell activities with corresponding impedance vents: 
3.1.1. Random walk over a pore 
Typical voltage peaks caused by cell motions partially 
closing a Si-membrane pore are shown in Fig. 7. 
The curve shows two voltage peaks corresponding to 
temporary and partial electrical closing of the membrane 
pores by fibroblasts: Every time a cell changes the accessi- 
ble electrically active pore cross sectional area an adequate 
'impedance pulse' is observed. The slope of this pulse- 
graph is a measure of the local velocity of the cell motion. 
To obtain the maximum amplitude the cell has to cover the 
entire pore area. This needs about 6 min and corresponds 
to the time to cross the pore diameter (d---10 /zm). 
Consequently, the cell has moved with a velocity of about 
1.7 /xm/min, close to values found with other cell lines 
[2,3,20]. 
The amplitude of the voltage pulse is proportional to the 
impedance change. According to Fig. 7 the total voltage 
drop over the empty membrane (membrane with pores but 
without cells) is about 22 mV at a generator voltage of 298 
mV (1 kHz). This corresponds toa total resistance of about 
73 k ~ which means that each of the three parallel pores 
has its own resistance of 3 .73  k g2 (see Eq. (2c)). If one 
of the three pores is closed by a fibroblast he measured 
voltage increases by about 5 mV and the related total 
resistance of the membrane including the three parallel 
pores is increased to about 91 k/2. Therefrom the contribu- 
tion of the cell to the total resistance can be estimated to 
be about 320 k ,O. Assuming a specific membrane resistiv- 
ity of 10 M g2 m and a specific membrane capacity of 10 
mF/m 2 [14,20] the contribution of a completely isolating 
cell layer should be in the GO range, however. This 
discrepancy indicates that additional current leaks or by- 
passes have to be considered in the impedance model of 
the cell layer. Such bypasses were first proposed and 
discussed by Giaever [7] who used an electrode surface as 
the substrate on which the cells were grown. The model of 
Giaever considers both tangential current components be- 
tween the cell layer and the electrode surface and compo- 
nents through the gaps formed in the contact region of 
adjacent cells. Hence Giaevers model permits the estima- 
tion both of the cell/electrode and of the leak resistances. 
Nevertheless, the discrimination between effects remains 
rather difficult. With our experimental set-up this difficulty 
is prevented and the remaining leak currents lead to the 
following model (Fig. 8). 
Considering this model the modulus of the impedance 
of the measuring chamber is given by: 
Z~ = ~ (27rfRbulkRpCsi)2 + ( Rbulk + RP)2 
[(27rfCsiRp) 2 + 1] 
(3) 
where Csi is the capacity of the Si-membrane, Rb,lk is the 
resistance of the bulk medium and Rp is that of the pores 
either covered or uncovered by cells. At a measuring 
frequency of 1 kHz the capacity terms of Eq. (3) can be 
omitted. Than Z X equals approximately Rp + Rb~k. Conse- 
quently, Z~ and also Ux (see Eq. (3c)) give information 
about Rp: when a pore is open, Rp is small. Otherwise it 
is increased by the presence of cell(s). However, even if 
the pore is completely coated by a cell or a cell layer it is 
not sealed totally. Fig. 9 confirms the assumption that 
fibroblasts can not seal a pore completely. 
Otherwise the amplitudes of the 'pulses' in Fig. 7 
, :  - 7 . . . . .  
Fig. 11. Video sequence orresponding to the voltage drop as shown in Fig. 10A. Within a time period of about 110 min the cell indicated by the arrows 
walks through the pore. This period is characterised by increased filopodia ctivities. The actual penetration ccurs within a few seconds as can be 
concluded from the steep transition i Fig. 10A. 
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should be much higher. We found that cell motions which 
more or less completely cover a pore are accompanied by 
voltage changes of at lea:st 5 mV. Of course, rectangular 
pulses indicate that the cells have passed the pores without 
interference by neighbouring cells. 
3.1.2. Passage through a pore 
Fig. 10A shows a typical voltage drop occurring when a 
cell penetrates a membrane pore. The related video se- 
quence is shown in Fig. 11. 
According to the video the cell starts the penetration by 
loosing its initial flat shape. After transforming to a spin- 
dle-like shape (Fig. 11, left), the cell changes its orienta- 
tion with respect o the pore. These 'preparations' , de- 
manding a time period of about 2 h (Fig. 11), are regis- 
tered as voltage fluctuations with increasing amplitudes 
(Fig. 10B), reflecting an increased activity of the filopodia. 
Then, the actual penetration occurs within a few seconds 
as indicated by the steep voltage drop shown in Fig. 10A. 
When the cell is about o penetrate the pore the mechanical 
Fig. 12. Scanning electron micrograph of L929-cells grown at arrays of 400 pores. (A) Top-view; (B) back-view. It is seen that cells which have penetrated 
the membrane attach to the back and spread on it. The edge length of the pores was 6.25 /.tm at the back. 
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contact between the pore and the cell seems to be suddenly 
lost. After the cell has reached the opposite side of the 
Si-membrane the measured voltage slowly increases again 
(Fig. 10A). Because we can not relate this increase to 
corresponding video observations we have supposed, that 
it reflects a strong adherence of the cell at the rear of the 
Si-membrane. This was confirmed by using arrays of 
20 × 20 pores as the substrate on which cells were grown 
(Fig. 12). 
3.1.3. Filopodia motion 
Whereas motions of the cells can be detected irectly 
by light microscopy, those of small filopodia (compare 
Fig. 9A) can hardly be seen. However, the impedance 
measurement is sensitive enough to record movements of 
structures, e.g. filopodia, beyond microscopic resolution. 
We found each microscopically visible cell translocation to 
be preceded by voltage fluctuations reflecting, in our opin- 
ion, the micro-motion of the filopodia and/or  slight cell 
displacements. Such microscopically observable events 
preceded by increased filopodia activities are, for instance: 
Cell divisions, cell translocations, the movement of visible 
leading edges and the walk through pores. 
In any case visible cell activities are accompanied by 
filopodia movements which reflect the activity of the actin 
filaments and are registered by fluctuations of the mea- 
sured voltage signal. However, in some cases we found 
variations of the voltage signal without detecting related 
microscopic events. In order to monitor cell motion in 
vivo, we have used a oblique (sloped) illumination for 
visualising filopodia in reflected light microscopy. But this 
illumination did not allow the visualisation of very thin 
filopodia or the leading edges of the cell. The possible 
extension of the latter has been demonstrated by immuno- 
fluorescence labelling of cortical actin filaments (Fig. 13A). 
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Fig. 14. Initial period of voltage curve in Fig. 6A representing the 
transition fromspherical to pancake-like shapes. The initial situation is 
shown in Fig. 4A: All pores are occupied by spherical fibroblasts. Only 
the upper pore seems to be covered, however the next figure (Fig. 4B) 
and the video show that each pore was occupied. First voltage fluctua- 
tions are observed after about 20 min (arrow) indicating that the cell 
motion starts at this time. 
Actin labelling is not applicable for monitoring living 
cells on Si-membranes. In recording cell motions by re- 
flected light illumination one has to consider that informa- 
tion about leading edges may be lost. Hence a cell that 
seems only to be in the vicinity of a pore may in fact, 
cover the pore with its leading edge. Although invisible in 
simple reflection light microscopy, this can alter the mea- 
sured voltage. 
3.1.4. Initial transformation of  the cell shape 
Cells freshly harvested from subculture initially have 
spherical shapes (see Fig. 4A) and are transformed within 
the next 40 rain to flat pancake-like structures with irregu- 
lar peripheries (Fig. 4B). During the first 15-20 min the 
cells grow onto the Si-membrane thus sealing the pores. 
Fig. 13. (A) Immunofluorescence micrograph ofa 3T3 cell growing on glass recorded with a Leica Confocal Laser Scanning Microscope. The staining 
procedure visualises the actin filaments of the leading edge (the shown area is 62 /xm x 62 /zm). (B) Differential-interference mi rograph ofthe same cell 
scanned innonconfocal mode. 
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Simultaneously the measured voltage increases. First bulges 
of the cell membrane are formed indicating the activation 
of contractile lements. Only then cells are able to move, 
as indicated in Fig. 14 by decreasing voltage and start of 
fluctuations. 
It is obvious from the above discussions that impedance 
measurements on Si-membranes with cells coated pores 
provide information about different cellular motions. All 
this information is implicitly included in the voltage curves 
of Fig. 6. For quantitative analysis a well thought-out 
statistical model is necessary. A model including aspects 
of the random walk as well as cell divisions will be the 
content of a forthcoming paper. 
4. Conclusions 
The experimental set-up permits characterisation, i  a 
simple manner, the macro- and micromotions of cells on a 
substrate membrane with pores. The essential element of 
our set-up is a 3 /zm thick Si-membrane which could be 
used as a sensor element of a microdevice. Compared with 
metallic surfaces (e.g. ultra microelectrodes) the usage of 
perforated membranes has the following advantages: 
1. The Si-membrane is inert and no charge transfer eac- 
tions occur. 
2. Cells can penetrate pores within the membrane or fill 
them. 
3. The pore area is transparent so that impedance measure- 
ments can be combined with optical measurements. 
4. The membrane can be used to separate solutions differ- 
ing in composition. Thus, concentration gradients can 
be created and their effect on cells investigated. 
5. Large electrodes can be'. used which reduced specific 
polarisation problems. 
To monitor the motion of single cells by impedance 
measurements, he membrane should have as few pores as 
possible. In order to increa,;e the 'hit rate' we used mem- 
branes with three pores rather than membranes with a 
single pore. Three pores carl be well monitored by a single 
reference lectrode. This simplifies microstructures with 
arrays of pores and does nol: require individual addressable 
electrodes/pores but only the monitoring of pore groups. 
Single pores can be used for impedance measurement. 
This makes the micro-pore technique useful in measuring 
single cell activities and allows the development of a new 
type of cell sensing element. Information about the growth 
direction of a cell population could also be obtained in the 
future. This assumes that each individual pore can be 
scanned electrically. 
In our paper, attention was focused on the electrically 
measured cell-pore interaction. The resolution of the lat- 
eral movement of the cells on the chip surface by 
impedance measurements is a very interesting problem but 
not solved so far. We have used our video recording as an 
instrument to correlate the 'invisible' electrical cell activi- 
ties with microscopically visible cell motions. Addition- 
ally, our measuring device is very simple, permits an 
automated, sensitive detection of filopodia act iv i ty -  
without any staining procedures. Compared with the 
ECIS-method of Giaever and Keese [23], the proposed 
impedance measurement through pores avoids the attach- 
ments of cells to electrodes. In this way the possibility of 
characterizing that attachment is lost, on the other hands 
complications due to this contact are avoided and the pore 
itself serves as a fixed, well characterizable geometrical 
object. 
By contrast, membranes with pore arrays we have used 
(where the electrical signals can not be assigned to a single 
pore) are not suited for detecting lateral cell motion. They 
rather can be used as elements allowing an accurate sti- 
mation of the cell impedance characteristics. Note, that the 
presented impedance analysis was simplified to demon- 
strate the basic possibilities of the technique but can be 
easily extended. The high precision of semiconductor tech- 
nology seems to us to be a very promising way to develop 
cellular microdevices. 
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